T
here is mounting evidence that ambient levels of air pollution have adverse effects on human health. Studies conducted in a wide range of cities with contrasting levels of air pollution have reported effects such as increased mortality and morbidity from different causes and in various age groups. 1 There are also indications that these effects are higher for more vulnerable subgroups such as the elderly population and children. [2] [3] [4] In addition, some other studies have found significant associations between air pollutants and perinatal mortality. 5 6 More recently, a study conducted in São Paulo, Brazil, found an association between air pollution and intrauterine mortality or late fetal losses (28 weeks or more into gestation). 7 This study also showed that umbilical cord blood levels of carboxyhaemoglobin were correlated with ambient levels of carbon monoxide (CO) bringing evidence of fetal exposure to outdoor levels of air pollution.
If environmental factors such as air pollution affect the health of very young children and even unborn babies it seems reasonable to hypothesise that it may also have an effect on intrauterine growth. Thus, air pollution acting on pregnant women could affect fetal development contributing to a variety of undesirable reproductive outcomes such as preterm delivery, birth defects or low birth weight.
To date, few studies have attempted to explore the relation between air pollution and low birth weight (defined as ,2500 g). An ecological study in the Czech Republic found that the prevalence of low birth weight was significantly associated with air pollution, especially sulphur dioxide (SO 2 ). 8 In China, particulates and SO 2 were associated with birth weight after adjusting for maternal, fetal and pregnancy characteristics. 9 Another study in the Czech Republic found that exposure to air pollution in the first trimester of pregnancy was related to a higher risk of low birth weight. 10 A study in California showed evidence of an effect on birth weight of exposure to particles and CO in late pregnancy. 11 In another study in six US cities, relations between low birth weight and CO and SO 2 were found. 12 In Seoul, South Korea, CO, nitrogen dioxide (NO 2 ), SO 2 and total suspended particle concentrations (TSP) in the first trimester of pregnancy were considered risk factors for low birth weight in full term infants. 13 A population based case-control study in Georgia, USA suggested an association between very low birth weight (,1500 g) and maternal exposure to high levels of air pollution. 14 Low birth weight is one of the most important predictors of infant health and is a significant determinant of neonatal and postneonatal mortality. 15 Recent studies have shown that infants who are smallest at birth have a higher incidence of diseases and disabilities, which continue into adulthood. 16 Birth weight is primarily determined by gestational age and intrauterine growth. It depends on maternal, placental and fetal factors as well as on environmental and constitutional influences. Among known risk factors for a low birthweight baby, maternal age, parity, pre-pregnancy weight, history of adverse pregnancy outcomes, social class, and cigarette smoking are the most commonly reported. 15 17 A recent study conducted in São Paulo, Brazil, a city with notably high levels of air pollution, found that rates of low birthweight babies have hardly changed in the past 20 years and are still considerably high despite improvements in access to health services and maternal education. 18 Similar patterns have also been observed in other countries, including developed ones. In the US, increasing trends of low birth weight and preterm birth for black and white infants were observed between 1981 to 1998. 19 These observations indicate the need for additional and specific research into possible causes of low birth weight including little explored risk factors, such as air pollution.
Considering the hypothesis of high levels of pollution interfering with fetal growth, through still unknown mechanisms, and the possibility of estimating intra-uterine growth retardation through the prevalence of low birth weight 20 and the high levels of air pollution in São Paulo, we hypothesised that the lack of decline in low birthweight rates during the past 20 years could have been influenced by the high levels of air pollution in the city that have remained stable throughout the same period. Therefore, we carried out a study to examine if there is an association between maternal exposure to outdoor levels of air pollution during pregnancy and birth weight in the city of São Paulo.
METHODS
Data on live births were obtained from the Birth Information System (SINASC) of the Ministry of Health in Brazil. According to this system every live birth is expected to result in a certificate, which is later requested for legal registration of the child. These certificates are captured on local registers and sent to the State Office for Statistics where they are compiled.
For each individual birth, information from these certificates is available on maternal age, maternal education, place of residence, parity, number of antenatal care visits, type of pregnancy (single, double, triple or more), length of gestation in weeks, date of birth, site of birth (home, hospital or other health service), method of delivery (spontaneous, surgical or forceps), Apgar scores, birth weight, and sex.
According to recent evaluations this information system is considered to be adequate and capable of providing good quality information for the main variables, especially for the city of São Paulo. 21 All births to mothers resident in the city of São Paulo during 1997 were obtained from this register.
Data on air pollution were available from CETESB, the environmental agency in São Paulo. These data comprised daily means (24 hour averages) of SO 2 and respirable particles (PM 10 ), the maximum hourly mean calculated during the 24 hour period for NO 2 and ozone (O 3 ), and the maximum eight hour moving average for CO. These data were collected from a minimum of four monitoring sites (CO) and a maximum of 12 sites (PM 10 and SO 2 ). For each pollutant, as inter-site correlation was high, daily citywide levels were calculated by averaging all available data across all monitoring stations. The attainments of the network of monitoring stations and the data handling capabilities of CETESB have been considered to be of high quality. 22 The analysis of the relation between birth weight and air pollution was carried out only for live singleton full term pregnancies (>37 weeks of gestation). Birth weight was considered in separate analyses as a (1) continuous and as a (2) binary variable taking the values of 1 for birth weight of less than 2500 g and 0 otherwise.
Maternal exposure to air pollution at each trimester of the pregnancy was estimated taking into account the date of birth and the length of each gestation. Mean exposures of about three months to each air pollutant were then assigned to each birth. Logistic regression was used to identify maternal and pregnancy factors associated with low birth weight.
By way of regression using GAM models 23 to allow for the non-linear effect of maternal age on birth weight we assessed the change in birth weight associated with the mean exposure to air pollution during each trimester of pregnancy adjusting for the factors related to low birth weight. We used logistic regression to estimate the odds of having a low birthweight baby according to maternal exposure while adjusting for the same factors. Single and multiple pollutant models were examined. All analyses were carried out in SPlus 2000 (Mathsoft, Seattle, WA). Care was taken in relation to the model convergence criteria and in computing exact standard errors of the pollutant estimates. 24 
RESULTS
There were 214 973 live births to mothers resident in the city of São Paulo during 1997. Of these, 196 978 (91.6%) were singleton pregnancies with complete information for gestational age. Pre-term live births accounted for 6.2% of these pregnancies and were excluded from the analysis. In addition, we decided to further exclude very low (,1000 g) and very high (.5500 g) birthweight babies as we assumed that those babies were very likely to be the product of high risk pregnancies. Thus, any possible effect of air pollution on those pregnancies would be outweighed by other high risk conditions. This resulted in a population of 179 460 live births for the final analysis. Figure 1 shows the daily mean birth weight during 1997 in São Paulo. Although our data were restricted to just one year, it can be observed that birth weight exhibited a seasonal pattern. This was confirmed by the descriptive analysis of birth weight in table 1, which also depicts the seasonal pattern of air pollution during the period of this study.
The mean birth weight, the proportion of low birthweight babies and adjusted odds ratios (OR) for a low birthweight baby according to maternal and pregnancy characteristics are presented in table 2. The mean birth weight among singleton full term pregnancies was 3186 g with an overall proportion of low birth weight (,2500 g) of 5.0%.
Birth weight was shown to be associated with infant gender, maternal age, maternal education, number of antenatal care visits, parity, and the type of delivery. The relation with maternal age is clearly non-linear with greater risk of a low birthweight child for both very young and older mothers.
Although the analysis was restricted to full term pregnancies, birth weight was still significantly associated with length of gestation (37 to 39 weeks compared with 41+weeks). This association was observed first in univariate analyses and persisted in multifactorial models. This variable was thus considered in all multifactorial models.
Multiple regression was used to assess the relation between birth weight and maternal exposure to air pollution allowing for effects of the above variables. To adjust for the potential influence of season on birth weight an indicator variable for month of birth was included. Because of the nonlinear relation between maternal age and birth weight, a nonparametric smooth function of maternal age was fitted in the generalised additive model using a spline function. 23 The variables ''number of antenatal care visits'' and ''parity'' both had a high percentage of missing observations Key points N Air pollution seems to adversely affect the placenta and fetus during pregnancy N Children born to mothers with higher exposure to air pollution are more likely to weigh less than expected in given conditions (around 30%). The inclusion of both variables in the same regression model resulted in a high percentage of observations being left out leading to very imprecise estimates. Thus, we decided to include in the final models only the number of antenatal care visits as this variable explained proportionally more of the variation in birth weight than parity. Exploratory analysis modelling both variables at the same time or including just parity all gave similar results. Table 3 shows the coefficients obtained in GAM regression models for birth weight expressed as changes in mean birth weight according to a 10 mg/m 3 or a 1 ppm change in exposure to the air pollutants in each trimester of pregnancy. All pollutants exhibited an inverse relation with birth weight when exposure occurred in the first trimester. However, only PM 10 and CO had statistically significant associations. During the second and third trimester results followed different directions and were mostly not significant. Only SO 2 exhibited a positive and significant relation with birth weight.
Semi-parametric logistic regression models were then explored again using a smooth function to control for the non-linear effect of maternal age. Levels of air pollutants were divided into quartiles and the lowest quartile (,25th) was used as the reference exposure category. Results of this analysis are shown on table 4. Although generally not significant, results of this analysis showed that the pattern of the association between birth weight and PM 10 and CO during the first trimester was compatible with the results of the GAM regression-that is, an increased risk of a low birthweight baby for higher exposures to air pollutants. The relation between birth weight and exposure to SO 2 during the second trimester also exhibited an inverse pattern with higher risk of a low birthweight baby.
The last step was to try and establish which pollutant was responsible for the association with low birth weight. Multiple pollutant models were examined only for the pollutants that showed statistically significant associations in single pollutant linear models-that is, PM 10 , CO and SO 2 . The rationale for this analysis is that, considering that the pollutants were highly correlated, if one was acting only as a proxy for the other with no contribution of its own, it would be expected that its parameter would be attenuated in a two pollutant model while that of the other would remain relatively unchanged. Results of this analysis are displayed in table 5.
The inclusion of PM 10 and CO (mean exposure of the first trimester) simultaneously in the same model resulted in a reduction in the coefficient for both pollutants. However, the reduction observed for CO (19%) was proportionally smaller than for PM 10 (61%). Similar changes happened when CO and SO 2 (mean of the second trimester) were examined together. The coefficients for PM 10 and SO 2 had smaller decreases when these two pollutants were examined together. In a three pollutant model the decreases in the size of coefficients were greater but still of lesser magnitude for CO. The high correlation between PM 10 and CO (around 0.9) should be noted.
DISCUSSION
This study found some evidence that maternal exposure to air pollution, especially during the first trimester of pregnancy, is associated with reductions in birth weight. Although it Figure 1 Mean daily birth weight (g) for full term pregnancies in São Paulo, Brazil in 1997. The solid curve is a 4th order polynomial to highlight the seasonality in birth weight. remains difficult to separate the effect of each pollutant, it appears that CO and possibly PM 10 have an independent and significant negative association with birth weight. On adjusting for infant gender, maternal age, maternal education, antenatal care, type of delivery, month of birth, and seasonal patterns, an increase in mean exposure to CO of 1 ppm during the first trimester was associated with a reduction of about 23 g in birth weight. For a 10 mg/m 3 change in PM 10 we observed a 13.7 g reduction. There is still a very limited literature regarding effects of air pollution on birth weight and results of these studies are somewhat controversial. While some studies failed to find an effect of air pollution on birth weight, 25 26 and others have found an effect but with no specification of timing of exposure, 8 27 some have found stronger and more consistent effects when exposure occurred during the third trimester, 9 11 12 while others found effects in the first trimester. 10 13 28 29 The possible biological mechanisms involved in the reduction of birth weight associated with maternal exposure to air pollution vary according to the timing of this exposure. The implantation of the fetus and the formation of the placenta occur during the first trimester while weight gain occurs predominantly during the third trimester. 30 Therefore, exposure during both periods presents the possibility of interference with the final birth weight.
Basic concepts of pathophysiology of fetal growth retardation are based on different levels of maternal supply, fetoplacental competition, and fetal adaptations. In recent studies knowledge about placental development and function has been increased. 31 Abnormalities in placental development may occur during its formation, and cellular and molecular functions may be changed leading to inadequate implantation and growth. Abnormalities in placental transport may also develop later on, because of problems in the uteroplacental circulation, exchange at the intervillous space, and umbilical and fetal circulation. All these factors lead to problems with fetal adaptation mechanisms, most importantly decreased fetal growth rate and fetal activities. In the first trimester genetic mutations are considered to be the most important element in placental abnormalities, and in the second and third trimesters extremely complex vascular alterations are considered the main cause of placental abnormalities and consequent fetal growth retardation. Pollutants are recognised as being able to have an effect on both dimensions. 31 Our finding of a more consistent effect during the first trimester is coherent with this mechanism. Moreover, our results are supported by findings from Seoul, 13 from the Czech Republic, 28 29 and from a study in the Treplice district of the Czech Republic. 10 This last study examined exposures during all nine months of pregnancy and revealed that exposure during the first month was the most important for intrauterine growth retardation.
Most air pollutants (CO, SO 2 , NO 2 , and particles) have already been described as being associated with reductions in birth weight. But among them, CO and particles have been more consistently found in the few studies published. 9-13 28 As pollutants are highly correlated, it is usually difficult to isolate their effects. We tested multiple pollutant models in the present analysis and found that CO and PM 10 exhibited significant associations that appeared to be independent, with CO presenting a more consistent effect.
Again this finding is coherent with the biological mechanism behind the observed effects as maternal smoking during pregnancy, the environmental factor that best correlates with low birth weight, 32 also produces CO which has toxic and ischaemic effects upon fetal growth.
While our results are in accordance with the limited literature regarding effects of air pollution on pregnancy outcomes, some methodological aspects of this study should be discussed. For example, the birth data available for this study came from a system that is known for the completeness and quality of the information provided. However, information on length of gestation was available only in categories (,22 weeks, 22 to 27, 28 to 31, 32 to 36, 37 to 41, 42 or more weeks). Although this was not a problem for the definition of term and preterm births, the information on length of gestation was used to calculate the mean exposure to air pollution for each trimester of the pregnancy. Therefore, we should expect a certain degree of inaccuracy in the maternal exposure. However, it is probable that such inaccuracy would be non-differential and any bias introduced would only attenuate the effects found.
In addition, information on important known risk factors for a low birthweight baby such as maternal smoking status, maternal associated morbidity, pre-pregnancy weight, and weight gain were not available. Among these risk factors cigarette smoking is considered the most important predictor of low birth weight. 32 However, there is some indication that maternal smoking status is associated with maternal education in Brazil 33 and consequently, adjusting for the last Table 4 Adjusted odds ratios (OR) and 95% confidence intervals (95%CI) for low birth weight according to quartiles of air pollution in each trimester of pregnancy, São Paulo, 1997 variable contributes to partially adjust for cigarette smoking. In addition, there are no reasons to believe that such risk factors would vary according to levels of air pollution, the exposure of interest in our study. Thus, important confounding effects because of lack of information on such variables is not expected. An important concern in any epidemiological study is the correct assessment of exposure of the subjects being studied. In our study we defined the exposure of each mother according to citywide levels of air pollution during each trimester of pregnancy.
Firstly, we have the averaged period of three months. It could be argued that a smaller time period would be more appropriate or that a measure that takes into account the variability of air pollution levels during each trimester would better represent the exposure. A study in the Czech Republic 10 used monthly averages instead of trimesters. However, we could not find any justification for the use of one or the other measurement of exposure. Most of the studies that assessed pregnancy outcomes in relation to air pollution have used trimester exposures. The trimesters represent a traditional time period for the study of the pregnancy period. In addition, any effect of air pollution on birth weight is likely to result from long term exposure to increased levels rather than short term fluctuations. Thus, the mean over trimesters might be a reasonable indicator. Nevertheless, future studies should attempt to explore and compare different indicators of exposure.
A second problem is the fact that each mother was assigned a citywide level of air pollution. It appears that levels of CO can vary considerably across different areas of a city and thus individual exposure could be underestimated or overestimated when averaging levels of all stations. Ritz and Yu 11 in their study in Los Angeles assigned the exposure of mothers according to the closest monitoring station to each mother's residence. However, we have to consider the possibility that pregnant women move around different areas of a city for reasons such as working and shopping. Thus, their exposure might not be well represented by just one station. In fact, any approach used for exposure assessment will be subject to error, but this error is likely to be nondifferential and again its main consequence is the attenuation of the effect estimated.
Notwithstanding, this study has the advantage of examining a considerable number of births occurring in a comparatively small area (there are about 200 000 births annually in the city of São Paulo, which covers an area of 1509 km 2 ). Moreover, besides statistical power and a fairly homogeneous exposure to air pollution, seasonal patterns were taken into account for this analysis. Despite a few caveats, these results are consistent in revealing that exposure to air pollution during pregnancy may interfere with weight gain in the fetus.
Low birth weight is one of the strongest predictors of infant mortality in both developed and developing countries. It is also a more sensitive indicator of environmental effects than late fetal loss or perinatal deaths. Thus, even small effects can be detected in a large population. Therefore, identification of such a widespread risk factor that, to date, has been understudied is very important from the public health perspective. The association between air pollution and birth weight and also other pregnancy outcomes should be confirmed in other locations through well designed studies. Increasing the coherence of this relation will help efforts to minimise human exposure to air pollution in order to protect public health. can produce adverse effects during pregnancy. These effects may be especially important when they contribute to determine low birth weight, one of the strongest predictors of infant mortality N Exposure to air pollution should be included as a potential risk factor in research on low birth weight and perinatal mortality N Efforts aimed at mitigating urban air pollution levels in São Paulo can provide benefits to public health 
